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Abstract 

At  the  close  of  the  National  Wind  Tunnel  Com¬ 
plex  project  (NWTC),  just  prior  to  entering  the 
detailed  design  phase,  a  baseline  test  section  with 
porous-slotted  walls  had  been  defined.  The  pur¬ 
pose  of  this  paper  is  to  present  the  development  of 
the  concept  features  of  the  wall  configuration  pre¬ 
sented  at  the  Systems  Design  Review  (SDR)  at  the 
close  of  the  project  in  the  context  of  the  evolution 
of  the  NWTC  project.  Slot  width  and  spacing,  along 
with  slot-baffle  inserts  to  provide  desirable  control 
of  test  section  crossflow  and  acoustic  characteris¬ 
tics,  were  defined.  Flow  quality  requirements  con¬ 
cerning  stream  angle  homogeneity  at  the  outer 
edge  of  the  test  volume,  requirements  for  maxi¬ 
mum  wall  interference,  optical  access,  and  test  vol¬ 
ume  acoustic  considerations  in  addition  to  Mach 
number  range  and  tunnel  operational  mode  were 
factors  in  the  design.  The  development  process 
included  2D  calculations  for  stream  angle  homoge¬ 
neity  to  establish  slot  width  and  spacing,  3D  calcu¬ 
lations  which  initiated  the  acceptance  of  seg¬ 
mented  control  of  slot  crossflow,  supporting  3D  cal¬ 
culations  for  verification  of  slot  geometry  and 
crossflow  control,  and  experimental  development 
of  slotbaffle  insert  geometry  that  would  be  rugged, 
allow  control  of  crossflow,  and  not  produce  strong 
resonant  tones.  Results  of  2D  calculations,  3D  cal¬ 
culations  to  illustrate  need  for  control  of  crossflow, 
and  experimental  evaluation  of  baseline  slotbaffle 
acoustic  properties  are  presented. 

Introduction: 

The  National  Wind  Tunnel  Complex  (NWTC) 
Program  initially  was  envisioned  as  providing  US 
Industry,  the  Department  of  Defense  (DoD)  and 
NASA  with  two  new  large  wind  tunnels  that  would 


satisfy  the  low-speed  and  transonic  wind  tunnel 
production  testing  needs  of  the  Nation  for  the  next 
40  to  50  years.  An  NWTC  project  status  report 
published  as  AIAA  96-0226^  and  the  NWTC  Final 
Report"^  provides  details  of  the  National  Wind  Tun¬ 
nel  Complex  Project  history,  including  background 
information  that  traces  the  origins  of  the  project. 
The  central  theme  was  to  ‘acquire  a  ‘best  in  the 
world,  not  to  be  surpassed  development  facility  to 
support  the  U.S.  airplane  industry.“®To  accomplish 
this  goal,  it  was  assumed  that  a  ieap  ahead  in  wind 
tunnel  design  from  conventional  technology  would 
be  required  on  all  aspects  pertaining  to  the  NWTC. 
The  design  of  the  test  section  was  just  one  area. 
The  purpose  of  this  paper  is  to  highlight  the  think¬ 
ing  and  study  that  went  into  the  development  of  the 
porous-slotted  wall  geometry  that  evolved  from  the 
NWTC  project  activities. 

NWTC  test  section  evolution: 

At  the  inception  of  the  project,  two  high-perfor¬ 
mance  wind  tunnels  were  already  envisioned. 
These  were  a  low-speed  tunnel,  including  an  open- 
jet  capability,  and  a  transonic  wind  tunnel  with  a 
Mach  number  range  spanning  low  speed  to  Mach 
number  1.5.  In  the  original  concept,  the  low-speed 
wind  tunnel  was  to  have  a  20-  by  24-ft  test  section 
and  the  transonic  tunnel  was  to  be  11  by  15.5  ft. 
The  test  section  walls  for  these  tunnels  were  to  be 
porous-slotted  with  variable  crossflow  control 
capability  and  acoustic  treatment  in  the  siots  to 
suppress  slot  tones.  The  slotted  wall  arrangement 
was  deemed  necessary  to  provide  sufficient  optical 
viewing  capability.  Further,  it  was  a  given  condition 
that  the  NWTC  have  continuous  operational  capa¬ 
bility  up  to  Mach  number  1 .5  with  reasonably  good 
supersonic  flow  quality.  Therefore,  porous  slots,  as 
opposed  to  conventional  open  slots  (e.g..  National 
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Transonic  Facility)  were  considered  necessary  to 
improve  the  supersonic  flow  forming  and  wave 
cancellation  properties.®  This  view  was  supported 
by  NACA  work  in  the  development  of  the  Ames 
Unitary  Plan  Wind  Tunnel’s  11-  by  11-ft  transonic 
test  section  (1 1-ft  tunnel)  which  was  reported  by  H. 
J.  Allen.®  Allen  showed  that  with  sufficient  lines  of 
porosity  (porous  slots),  the  wall  will  behave  as  if  it 
is  uniformly  porous.  Figure  1,  taken  from  Ref.  6, 
shows  that  for  a  wall  with  porosity  held  constant, 
there  is  virtually  no  change  in  reflected  disturbance 
after  the  wall  porosity  is  formed  by  eight  or  more 
lines  of  perforation.  It  also  shows  that  it  takes  about 
three  times  as  many  open  slots  to  achieve  the 
same  trend  of  constant  reflected  disturbance.  How¬ 
ever,  the  magnitude  of  the  reflected  disturbance  for 
open  slots  is  greater  than  for  lines  of  porosity 
(porous  slots). 


Figure  1 .  Effect  of  lateral  spacing  of  slots  and  per- 
formations. 


The  porous  slot  concept  for  the  NWTC  was 
expected  to  be  formed  by  inserting  baffles^  similar 
to  the  Ames  1 1-ft  Transonic  Wind  Tunnel  in  the 
constant-width  slots.  Figure  2  shows  the  arrange¬ 
ment  for  the  slot-baffles  in  the  11-ft  tunnel.  Here, 
the  baffles  divide  the  constant-width  slot  into  a 
series  of  triangular  cross-section  shaped  channels 
that  are  perpendicular  to  the  stream  surface,  thus 
creating  the  equivalent  of  a  line  of  porosity.  Refer¬ 
ring  to  Figure  2,  a  conventional  open  slot  differs 
from  the  11 -Foot  design  in  that  there  is  no  baffle 
present  and  the  slot  is  usually  of  varying  width  at 
the  upstream  and  downstream  end  of  the  test  sec¬ 
tion  to  provide  transition  of  flow  into  and  out  of  the 
plenum  chamber  in  those  regions.  This  type  of 
open  slot  is  typical  of  most  test  sections  with  slot- 
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Figure  2.  Ames  1 1  -ft  W.T.  slot-baffles. 


ted  walls  such  as  the  National  Transonic  Wind 
Tunnel  (NTF).  The  baseline  NWTC  slot-baffle 
design  is  similar  to  the  design  of  the  1 1 -Foot  Tun¬ 
nel  shown  in  Figure  2  in  that  the  baffles  form  trian¬ 
gular  cross-sectioned  channels,  but  it  is  different  in 
that  the  axis  of  each  channel  is  inclined  toward  the 
free-stream  flow  by  30  degs  from  the  perpendicular 
and  the  depth  of  the  baffle  extends  the  full  depth  of 
the  slot.  This  30-deg  inclination  angle  was  based 
on  work  performed  by  AEDC^’®  under  the  sponsor¬ 
ship  of  NASA  Ames  and  further  unpublished  work 
by  the  author  as  a  NASA  employee. 


A  baseline  slot  width  of  1 .5  in.  with  a  slot-center 
to  slot-center  spacing  of  1 5  in.  for  the  transonic  test 
section  was  identified  on  the  basis  of  flow  quality  at 
the  outer  edge  of  the  required  test  volume.  The  slot 
width  and  spacing  reported  herein  was  based  on 
2D  analysis  and  was  confirmed  by  Bussoletti  et  el® 
in  an  inviscid  numerical  study  of  a  767-300  wing/ 
body  configuration  in  the  NWTC  test  section. 


It  was  assumed  that  something  other  than  a 
fixed  crossflow  characteristic  wall  would  be 
required  for  reduction  of  wall  interference  for  both 
the  low-speed  and  transonic  wind  tunnels,  as  well 
as  the  establishment  of  best  supersonic  flow  qual¬ 
ity  for  the  transonic  test  section.  The  use  of  a  fully 
adaptive  wall  in  each  of  the  test  sections  was  not 
viewed  as  being  affordable,  as  well  as  practical,  in 
view  of  the  requirement  for  productivity  substan¬ 
tially  greater  than  current  production  wind  tunnels. 
Consequently,  it  was  foreseen  that  a  variable 
crossflow  control  concept  would  be  required.  The 
expected  solution  for  crossflow  control  was  to  use 
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baffles  extending  the  full  depth  of  the  slot  in  con¬ 
junction  with  a  segmented  sliding  cut-off  plate  on 
the  plenum  side  of  each  slot  to  provide  variable 
crossflow  resistance.  Slot  tone  noise  suppression 
was  expected  to  be  accomplished  by  the  addition 
of  features  such  as  splitter  plates  on  the  stream 
surface  of  the  slot  or  a  grid  or  screen  overlay  to 
help  suppress  shear-layer  interactions  that  would 
create  discrete  tones.  An  initial  test  in  the  Ames 
14-ft  tunnel  was  conducted  to  evaluate  the 
acoustic  disturbance  generating  properties  of  can¬ 
didate  slot-baffle  configurations.  Other  tests  to 
improve  the  slot-baffle  design  and  to  validate  test 
section  flow  development  and  expected  crossflow 
resistance  were  also  to  have  been  accomplished 
early  in  the  detailed  design  phase  of  the  project. 
Further,  in  view  of  the  expected  difficulty  in  achiev¬ 
ing  very  low  test  section  noise  levels,  continuous 
improvements  to  the  slot-baffle  design  for  acoustic 
properties  were  envisioned  but  not  planned  at  the 
close  of  the  project. 

Before  the  Ames  14-ft  test  could  be  executed, 
changes  in  the  concept  for  the  NWTC  occurred 
because  the  projected  cost  figures  for  the  two-tun- 
nel  approach  ($2.5B)  proved  untenable.  In  late 
1995,  the  decision  was  reached  to  de-scope  the 
project  to  attempt  a  design  to  a  $1 .2B  funding  limit. 
The  goal  was  to  achieve  as  many  of  the  original 
NWTC  requirements  as  possible.  A  single,  multi¬ 
purpose  wind  tunnel  (MPWT)  with  a  13-  by  16-ft 
test  section  evolved  from  this  effort.  The  baseline 
1.5-in.  slot  width  and  15-in.  slot  spacing  for  the 
transonic  tunnel  was  retained  since  the  major 
dimension  of  the  former  test  section  was  only  less 
by  6  in.  from  the  16-fl  width  of  the  MPWT.  The 
length  of  the  control  segments  was  increased  from 
the  original  30-in.  length  to  48  in.  to  reduce  costs. 
This  increase  in  length  of  control  segment  was  jus¬ 
tified  by  inviscid  3D  calculations  performed  by 
Sickles  &  Steinle.’^  The  recommended  open  area 
ratio  was  10  percent.  ASE  FluiDyne  presented 
options  within  these  guidelines  and  recommended 
44  slots  (12  on  each  of  the  top  and  bottom  walls 
and  10  on  the  side  walls). As  seen  in  Fig.  3,  this 
arrangement  of  the  slot  spacing  resulted  in  a 
12.75-in.  distance  between  the  side  walls  and  the 
floor  or  ceiling  slot  nearest  the  respective  wall  for 
the  0-deg  wall  setting  (parallel  side  walls).  Corre¬ 
spondingly,  the  distance  between  the  slot  on  the 
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Figure  3.  Slot  spacing  and  range  of  sidewall 
motion. 


side  walls  and  floor  or  ceiling  is  9.75  in.  With  the 
side  walls  fully  converged  (-0.5  deg),  the  distance 
between  each  side  wall  at  the  end  of  the  47-ft 
working  section  is  reduced  by  4.92  in.  which 
results  in  a  clearance  of  7.83  in.  In  the  fully 
diverged  position  (1 .0  deg),  the  clearance  between 
the  adjacent  floor  or  ceiling  slot  and  the  corre¬ 
sponding  side  wall  increases  to  22.59  in.  This  large 
distance  gives  rise  to  concern  for  boundary-layer 
growth-related  problems.  Conceivably,  it  may  be 
better  to  have  an  additional  slot  on  the  side  wall  in 
each  of  the  corners  to  help  prevent  boundary-layer 
growth  leading  to  secondary  flow  problems.  A  slot 
of  fixed  geometry  without  variable  crossflow  capa¬ 
bility  is  seen  as  a  distinct  possibility.  The  necessity 
for  these  additional  comer  slots  has  not  been 
investigated. 

A  major  test  section  design  challenge  was  the 
accommodation  of  the  extensive  amount  of  optical 
window  and  instrumentation  capability,  the  slot 
flow  mechanism,  and  the  box  beam  structure  nec¬ 
essary  to  carry  the  pressure  loading  on  the  wall 
without  excessive  deflection.  The  concept  design 
of  the  test  section  wall  structure,  integrating  all 
these  features,  was  performed  by  ASE-FluiDyne. 
Figure  4  shows  a  cross  section  of  the  test  section 
box  beam  structure  which  includes  the  optical  win¬ 
dows  and  cut-off  plate  mechanism  concept.  In  Fig. 
4,  the  amount  of  optical  access  (window  area  and 
volume  for  instrumentation)  is  seen  to  be  substan- 
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Figure  4.  Test  section  box  beam,  slot  flow  throttle  and  optical  access  con¬ 
cept. 


tial;  however,  the  amount  of  access  is  a  compro¬ 
mise  over  what  was  desired  for  optimum  viewing. 

In  March  1996,  the  decision  was  reached  to  call 
a  halt  to  the  NWTC  program.  At  this  point,  the  most 
favorable  assumed  cost  was  $1 .29B  with  assumed 
site-provided  equipment  valued  at  $0.37B.  When 
the  decision  to  halt  the  project  was  reached,  it  was 
decided  to  continue  with  the  test  in  the  Ames  14-ft 
Wind  Tunnel.  The  project  was  essentially  termi¬ 
nated  with  the  Systems  Design  Review  (SDR)  for 
the  MPWT^^  which  was  held  March  20-22  while 
the  14-ft  test  program  was  in  progress.  The  final 
report  for  the  project  and  final  close-out  details, 
including  archiving  all  project  material  on  CD- 
ROM,  did  not  occur  until  June  1 996. 

The  details  of  the  14-ft  test  program  and  resujte 
obtained  are  contained  in  the  project  archives  . 
The  baseline  slot-baffle  configuration  (designated 
Ml 2-7)  which  resulted  from  the  14-ft  test  program 
is  shown  in  Fig.  5. 

The  baffle  configura¬ 
tion  is  made  up  of  an 
alternating  bent  stain¬ 
less  steel  strip  (0.06 
in.  thick)  whose  bend 
axis  is  inclined 
upstream  30  degs 
from  the  normal  to 
the  floor  to  produce 
the  triangular  chan¬ 
nels  previously 
noted.  The  depth  of 
the  baffle  is  2.25  in. 

Three,  0.75-in.  deep. 


0.12-in.  thick,  evenly 

spaced  splitter  plates  divide 
the  stream  surface  into  a 
series  of  cells  of  decreasing 
width.  This  configuration 
was  created  from  an  earlier, 
less  successful  configura¬ 
tion  by  hand  grinding  the 
notches  shown  which  iie 
approximately  midway 

between  the  intersection  of 
the  baffle  and  the  splitter 
plate  with  the  next  intersec¬ 
tion  (or  edge  of  the  baffle). 
The  notches  are  nominally  0.08  inches  wide  by 
0.15  in.  deep.  The  notches  were  added  to  de-tune 
the  shear  layer  interaction  with  the  slot.  The  thick¬ 
ness  of  the  material  was  chosen  to  produce  a  con¬ 
figuration  that  would  be  extremely  robust.  No  anal¬ 
ysis  was  done  to  establish  the  necessity  for  this 
apparently  rugged  design. 

Design  Considerations  Affecting  Siot  Width 
and  Spacing: 

Fiow  Quaiity  -  Fiow  Angie 

An  estimate  of  the  spatial  variation  in  flow  angle 
induced  by  the  nonuniformity  caused  by  slotted 
walls  was  determined  by  a  2D  modeling  of  the  flow 
field  in  a  plane  normal  to  the  wall.  An  incompress¬ 
ible  potential  flow  analysis  was  performed  by  treat¬ 
ing  the  wall  as  periodic  with  uniform  flow  approach¬ 
ing  the  wall  in  the  far-field.  The  infinite  series  repre¬ 
senting  the  wall  was  approximated  by  truncating 


Figure  5.  Baseline  slot-baffle  configuration. 
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Slotted  Wall  Homogenity 
a/d  =  0.06  (6%  porosity) 

Y  =  lateral  distance  from  center  of  slot 
Vn  =  velocity  normal  to  wall 
d  =  slot  spacing 
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Figure  6.  Normal  velocity  distribution  for  Periodic  2D 
slotted  wall  in  crossflow. 

with  sufficient  terms  to  capture  the  near-wall  varia¬ 
tion  to  a  reasonable  degree  of  accuracy.  Calcula¬ 
tions  were  performed  using  a  wall  porosity  of  6  per¬ 
cent  which  is  close  to  the  optimum  for  a  fixed,  slot¬ 
ted  wall  geometry  that  produces  a  low  level  of  wall 
interference.  Figure  6  shows  the  ratio  of  local 
velocity  normal  to  the  wall  to  that  of  the  remote 
velocity  normal  to  the  wall.  This  figure  shows  how 
rapidly  the  flow  approaches  a  homogenous  value. 
Very  close  to  the  wall,  continuity  results  in  the 
velocity  at  the  slot  approaching  1 /porosity  and  at 
the  slat  (solid  portion)  it  should  be  zero.  As  dis¬ 
tance  away  from  the  wall  increases  (z),  the  flow 
becomes  increasingly  homogenous.  At  approxi¬ 
mately  one  slot  spacing  away  from  the  wall  (z/a  = 
d/a  =  16),  the  local  effects  of  the  slot  flow  visually 
appear  to  be  insignificant.  Figure  7  shows  the 
actual  maximum  variation  with  distance  from  the 
wall.  At  one  slot  spacing,  the  peak-to-peak  varia¬ 
tion  is  of  the  order  of  3.8  percent.  To  achieve  a  1% 
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variation  (2  percent  peak-to-peak)  appears  to 
require  a  distance  between  18  and  20  slot  widths. 
To  be  more  definitive  would  require  additional 
terms  in  the  truncated  series.  A  distance  of  20  slot 
widths  is  equivalent  to  1 .2  times  the  slot  spacing. 

The  magnitude  of  the  remote  normal  velocity 
approaching  the  wall  can  be  estimated  from  the 
assumption  of  the  linear  crossflow  versus  pressure 
coefficient  (Cp)  character  of  the  walls.  Assuming 
that  the  effective  homogenous  porous  wall  resistiv¬ 
ity  (R)  for  linear  wall  behavior  matches  that  of  a  6 
percent  porosity  slotted  wall  with  R  =  19  (deter¬ 
mined  experimentally  by  the  author  while  a  NASA 
employee  at  Ames  to  be  a  reasonable  representa¬ 
tion  of  the  Ames  1 1-fl  TWT  slotted  wall): 

Vn  remote/  U  reference  =  R*%  porosity/200*Cp 
=  Flow  Angle  (measured  in  radians), 

where  Cp  is  wall  pressure  coefficient. 

Further,  since  the  variation  in  flow  angle  divided 
by  remote  flow  angle  =  (Vn  local  -  Vn  remote)/Vn 
remote; 


variation  in  flow  angle 
200*Cp*(1-Vn  local/Vn  remote) 
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Figure  7.  Maximum  normal  velocity  distribution  for  peri¬ 
odic  2D  slotted  wall  in  crossflow. 


Specifying  an  allowable  variation  in  flow  angle 
of  0.01  deg  then  leads  to  values  of  (1  -  Vn  local  / 
Vn  remote)  as  a  function  of  Cp  and  R.  The  result 
for  R  =  1 9  for  a  wall  that  is  6  percent  porous  (a/d  = 
0.06)  is  shown  in  Fig.  8.  For  a  different  porosity,  a 
new  curve  can  be  constructed  by  multiplying  the 
values  for  a/d  =  0.06  by  R  times  %  porosity/6. 
The  allowable  variation  for  a  10  percent  porous 
wall  is  also  shown.  It  is  seen  that  for  0.01  deg 
allowable  variation,  and  for  Cp  values  of  around 
0.04  which  will  be  representative  of  a  large  lifting 
model  at  transonic  speeds,  a  limiting  value  of  .01 
or  smaller  in  normal  velocity  variation  is  required. 

Perturbation  velocity  parallel  to  the  wall  and 
orthogonal  to  the  tree-stream  direction  is  exam¬ 
ined  in  the  same  manner  as  for  velocity  normal  to 
the  wall.  Figure  9  shows  the  range  of  expected 
variation  for  flow  parallel  to  the  wall.  Since  the 
wall  nearest  the  wingtip  will  be  the  closest  one  to 
the  model,  the  velocity  parallel  to  the  wall  will  be 
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Delta  Normal  VdocftyVMean  Normal  Velocity  vs  Wall  Pressure  Coefficient 
Ailow^e  Row  Angle  Variation  =  .01  deg. 

R  =  19 


Figure  8.  Allowable  normal  velocity  increment  for  R 
porous  slot. 

the  one  of  dominant  interest  since  it  affects  angle 
of  attack  for  the  wing.  The  variation  in  normal 
velocity  for  that  wall  primarily  alters  the  effective 
local  sweep  angle.  For  a  uniform  homogeneous 
wall,  the  velocity  parallel  to  the  wall  due  to  constant 
mass  flux  through  the  wall  would  be  zero  because 
there  would  be  no  localized  slot  flow  effects. 
Therefore,  Vy  max/U  reference  is  the  measure  of 
the  maximum  variation  in  induced  angle  from  the 
ideal  since  the  minimum  is  zero.  Hence,  the  allow¬ 
able  Vy  maxA/n  for  0.01  degrees  is  the  same  as 
the  allowable  value  of  1-Vn  local  /  Vn  remote  for 
maximum  flow  angle  variation  normal  to  the  wall 
which  was  employed  in  Fig.  8.  The  0.01  deg  crite¬ 
rion  employed  in  Fig.  8  for  a  6-percent  wall  with  Cp 
wall  =  0.04  is  seen  in  Fig.  9  to  be  reasonably  satis¬ 
fied  for  flow  parallel  to  the  wall  by  a  distance  from 
the  wall  of  1 .1  slot  spacing. 

Having  established  an  estimate  for  the  allow¬ 
able  maximum  slot  spacing  as  being  approximately 
equal  to  (distance  from  the  wall  to  the  wing)/1.1, 
full  models  should  have  at  least  this  clearance  (a 
minimum  of  10  percent  of  the  tunnel  width  for  the 


=  19 


allowable  largest  model  spanning  80  percent 
of  the  distance  between  walls).  For  a  full- 
span  model  in  a  test  section  of  16  ft  width, 
this  leads  to  0.1*16*12/1.1  =  17.4  in.  An  80 
percent  half  model  mounted  off  the  floor  with 
13-ft  test  section  height  would  allow 
.1*2*13*12/1.1  =  28.4  In.  An  additional  factor 
affecting  the  choice  of  slot  spacing  is  the 
need  to  have  an  even  number  of  slots  In  the 
floor  and  ceiling  to  accommodate  instrumen¬ 
tation  and  model  alignment  systems  on  the 
test  section  wall  centerline.  Although  it  is  not 
as  critical,  it  is  better  to  have  an  even  num¬ 
ber  of  slots  in  the  side  wall  as  well,  since  the  pri¬ 
mary  problem  is  accommodation  of  the  interfer¬ 
ence  from  the  trailing  vortex  as  opposed  to  the 
bound  vortex.  This  argues  for  the  same  number  of 
slots  above  the  sidewall  centerline  as  below.  From 
a  supersonic  flow  development  viewpoint,  even 
slot  spacing  on  all  walls  is  to  be  preferred  for  the 
sake  of  uniformity. 

With  these  points  in  mind,  a  basic  slot  spacing 
of  15  in.  for  the  transonic  test  section  was  recom¬ 
mended.^® 

Flow  Quality  -  Wall  Interference 

The  recommended  porosity  for  the  slots  was  1 0 
percent  open  area  to  allow  for  flow  through  the 
walls  caused  by  operation  of  the  Plenum  Evacua¬ 
tion  System  (PES)  and  to  permit  a  range  of  control 
of  the  crossflow  resistivity,  R,  both  laterally  and 
longitudinally  to  reduce  the  wall  interference  to  an 
acceptable  minimum.  Further,  since  jet  noise 
increases  nonlinearly  with  velocity,  it  is  preferable 
to  have  as  high  a  porosity  as  practical  to  hold  jet 
noise  induced  by  PES  flow  to  a  minimum. 


Maximum  Flow  Parallel  to  Wall  vs  Distance  From  Wall 
6%  slotted  wall,  2-D  in  Cross-flow  Plane 


Zfd 

Figure  9.  Maximum  induced  flow  parallel  to  a  2D 
periodic  slotted  wall  is  crossflow. 


A  basic  slot  width  of  1.5  in.  resulted  in  a  poros¬ 
ity  of  9.5  percent  with  the  44  slots  proposed  for  the 
transonic  tunnel.  By  way  of  comparison,  the  Ames 
11 -ft  TWT  has  52  slots  that  are  approximately  0.6 
in.  wide,  producing  a  wall  approximately  6  percent 
porous.  Control  of  flow  through  the  slots  of  the 
NWTC  test  section  was  envisioned  as  being  piece- 
wise  continuous  for  each  segment.  The  length  of 
the  segments  for  control  of  slot  flow  required  study. 

A  potential  flow  analysis  of  a  wing-body  repre¬ 
sentation  using  point  singularities  was  done  to 
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examine  the  free  air  normal  velocity  at  the  wall  in 
comparison  with  that  forced  by  a  linear  porous 
boundary  condition.  Figure  10  provides  a  compari¬ 
son  of  flow  required  for  interference  free  and  what 
is  obtained  with  a  porous  wall  along  a  single  ray  at 
a  height  above  the  mid  semispan  of  the  model’s 
wing  corresponding  to  the  ceiling  of  the  transonic 
tunnel.  In  Fig.  10,  the  range  of  computation 
extends  one  body  length  upstream  (+  symbol)  and 
one  body  length  downstream  (x  symbol)  from  the 
respective  nose  and  tail  locations  of  the  model. 
The  difference  between  the  linear  law  (6-  and  10- 
percent  Porous  boundary  condition)  and  the  free- 
air  solution  illustrates  the  idea  that  a  constant 
resistivity  wall  can  not  possibly  produce  zero  wall 
interference.  Moreover,  it  can  be  seen  that  a  wall 
which  varies  the  resistivity  in  the  streamwise  direc¬ 
tion  to  better  match  the  free-air  curve  cannot  pro¬ 
duce  zero  interference  either.  However,^^D  calcu¬ 
lations  performed  by  Sickles  and  Steinie  showed 
that  by  throttling  the  flow  through  each  slot  in  a  few 
segments,  the  wall  interference  is  reduced  to  an 
acceptably  low  level,  if  the  sidewall  angle  is 
employed  to  reduce  blockage  buoyancy  effects. 
The  benefit  of  a  fully  adaptive  wall  is  the  difference 
between  what  can  be  provided  by  throttling  of  the 
wall  in  segments  versus  active  blowing  and  suc¬ 
tion.  It  may  be  possible  to  capture  some  of  this 
effect  if  PES  is  employed  at  subsonic  speeds  to 
establish  a  baseline  with  reduced  boundary-layer 
thickness  and,  by  throttling  the  suction,  achieve 
some  of  the  effect  of  active  blowing  through  the 
behavior  of  the  boundary-layer  growth.  Essentially, 


lnt«rfor*nc«  Ffm  Wall  Flow  Angle 
Transport  Wing-Body  Model,  b<>  0.8W 


Figure  1 0.  Crossflow  variation  at  upper  wail  location 
for  wing-body  representation  at  Mach 
number  0.085  and  CL  =  0.7. 


this  is  the  technology  employed  by  the  AEDC  IT 
Tunnel^®  and  later  incorporated  in  T128  tunnel  at 
TSAGI  .  The  use  of  increased  porosity  over  the 
6%  wall  will  provide  a  match  further  downstream. 
For  this  particular  ray,  neither  6-  nor  10-percent 
porosity  wiii  provide  a  match  over  the  entire  length 
of  the  fuselage  (solid  symbols).  Clearly,  a  still 
higher  maximum  porosity  capability  is  preferable  to 
achieve  a  better  match  with  what  is  required  for 
free  air.  However,  higher  porosity  would  further 
compromise  the  design  for  optical  access.  The 
most  important  gain  is  in  the  ability  to  close  off  the 
slots  so  flow  through  the  walls  is  prevented  when 
the  basic  character  of  the  wall  would  othenvise 
aggravate  the  mismatch  between  freeair  and  tun¬ 
nel.  The  character  of  the  curve  shown  in  Fig.  10 
suggests  that  control  of  slot  behavior  of  around  8  - 
10  segments  over  the  length  of  the  fuselage  should 
be  sufficient.  In  this  case,  the  length  of  the  fuselage 
chosen  is  approximately  18  ft.  For  8  segments,  the 
length  of  each  control  segment  is  30  inches.  Ini¬ 
tially,  a  baseline  control  length  of  30  inches  for 
each  slot  segment  was  selected.  As  part  of  the 
effort  to  reduce  costs  for  the  MPW^,  and  in  view  of 
the  results  by  Sickles  &  Steinie,  the  length  of 
each  control  segment  for  the  baseline  design  was 
increased  to  48  inches. 

Figure  11  shows  similar  potential  flow  results 
for  the  low-speed,  high-lift  condition.  Here,  a  maxi¬ 
mum  size  full-span  model  is  considered.  The  com¬ 
putation  for  the  low-speed  condition  shows  results 
similar  to  the  transonic  wind  tunnel.  Control  of 
crossflow  would  clearly  improve  the  match  at  the 
boundary  condition.  A  fully  adaptive  wall  which 

hiterference  Free  Wall  Row  Angle 
Transport  Wing  -  Body  Model,  b  =  0.8W 
CL  =  3.5 


Figure  1 1 .  Crossflow  variation  at  upper  wall  loca¬ 
tion  for  wing-body  representation  at 
Mach  number  0.2  and  CL  =  3.5. 


7 

American  Institute  of  Aeronautics  and  Astronautics 


was  well  beyond  the  scope  of  the  NWTC  project 
budget  would,  of  course,  be  expected  to  produce 
the  lowest  interference. 

Flow  Quality  -■  Slot  Acoustic  Tones 

The  previously  mentioned  test  in  the  Ames  14-ft 
tunnel  led  to  the  baseline  slot-baffle,  modified  to 
prevent  the  generation  of  strong  acoustic  reso¬ 
nances.  The  full  details  of  the  test,  including  config¬ 
urations  tested,  is  left  to  the  reader  to  consult  the 
archives  of  the  NWTC  project.^® 

A  very  large,  clipped-wing  model  of  a  Boeing 
747  aircraft  used  for  NASA’s  SOPHIA  project  was 


with  different  raiis  which  wouid  accommodate  the 
specimens  as  well  as  provide  an  instrumentation 
bar  which  had  Kulite®  transducers  instalied  to 
pbtain  static  fluctuation  pressure  measurements 
from  each  test  specimen.  The  iocations  were  cho¬ 
sen  to  permit  measuring  static  pressure  at  two 
iocations  (0.75-  and  1 .5  in.)  below  the  stream  sur¬ 
face  in  one  channel  near  the  center  of  each  test 
specimen.  Also  seen  in  the  photograph  are  two  tra¬ 
versing  boundary-layer  probes  (upstream  and 
downstream  portion  of  test  section)  and  a  cone 
microphone  probe  in  the  upstream  portion  of  the 
test  section.  The  traversing  probes  included  a  total 
temperature  probe  and  were  normally  retracted 
and  used  only  sparingly  to  obtain  boundary- 
layer  profiles.  The  details  of  these  bound¬ 
ary-layer  measurements  are  also  not  dis¬ 
cussed  herein,  but  are  presented  in  Ref.  8. 

The  static  pressure  distribution  imposed 
on  the  floor  by  the  SOPHIA  model  at  Mach 
number  0.85  is  shown  in  Fig.  13.  The  effect 
of  complete  throttling  of  the  flow  through  the 
sIdTwith  a  cut-off  plate  (100-percent  cut-off) 
can  be  seen  in  the  change  in  pressure  dis¬ 
tribution  measured  on  the  slat  near  the  slot 
specimens.  Four  locations  for  Kulite®  mea¬ 
surements  are  marked  (K19,  K27,  K31 ,  and 
K39).  All  four  of  these  locations  are  at  the 
0.75-in.  distance  below  the  stream  surface. 
These  locations  represent  where  data  was 
obtained  for  the  baseline  slot-baffle  configu¬ 
ration  (Ml 2-7),  and  a  second  specimen 


Figure  12. 14-ft  wind  tunnel  test  installation  photograph. 


used  to  generate  a  pressure  difference  across 
the  test  specimens  installed  in  the  instrumented 
section  of  the  floor  of  the  14-ft  tunnel  (Fig.  12). 
As  seen  in  the  figure  (photograph),  the  floor  is 
solid,  except  for  the  strip  to  the  right  of  model 
center  which  was  used  to  install  the  series  of  test 
specimens.  At  the  upstream  end  of  the  test  sec¬ 
tion  is  a  plate  with  a  series  of  pins  which  was 
used  to  create  a  change  in  boundary-layer  thick¬ 
ness.  A  thicker  boundary  iayer  reduced  the  over¬ 
all  noise  level  measured  in  the  slot-baffle  chan¬ 
nel  slightly,  and  since  results  with  this  thicker 
boundary  layer  do  not  change  any  general  con¬ 
clusions,  they  are  not  discussed  further.  The 
strip  used  to  test  the  slot  specimens  was  formed 
by  removing  two  floor  rails  and  replacing  them 


Wall  Static  Pressure  Distribution 
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Figure  13.  Mach  0.85  floor  static  pressure  distribution. 
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(M12-7a)  which  was  slightly  smaller  in  the  width  of 
the  notch  by  less  than  0.04-in.  The  smailer  width 
notch  was  the  result  of  hand  grinding  and  not  hav¬ 
ing  the  time  to  be  precise.  As  will  be  seen  later,  this 
difference  in  notch  width  seems  to  have  had  some 
significance  in  the  test  results. 

Slot-baffle  cavity  noise  for  both  the  M12-7  and 
M12-7a  specimens  in  the  fully-open  configuration 
is  shown  in  Fig.  14.  These  data  include  Mach  num¬ 
bers  0.3,  0.6,  and  0.85.  Mach  numbers  are  not 
identified  in  the  figure.  However,  due  to  compress¬ 
ibility,  increasing  magnitude  of  pressure  coefficient 
is  associated  with  increasing  Mach  number.  The 
K27  location  for  the  Ml 2-7  configuration  shows  a 
high  level  of  noise  in  Fig.  15a  which  is  not  caused 
by  a  strong  slot  noise  peak.  Instead,  it  appears  to 
be  related  to  a  broadband  jet-noise  type  peak  cen¬ 
tered  around  270  Hz.  The  Cp  wall  for  this  location 
at  Mach  0.85  is  approximately  0.012  which  implies 
some  outflow.  Insufficient  information  is  available 
to  determine  the  cause  of  this  broadband  noise.  In 
Fig.  15b,  the  spectral  results  for  Ml 2-1 7a  in  the 
K19  location  show  a  substantial  noise  peak  at 
approximately  1,900  Hz,  which  is  near  the  reso¬ 
nant  tone  for  the  14-ft  wind  tunnel  slots  at  this 
Mach  number.  On  the  other  hand,  the  M12-7  at  the 
K19  location  (Fig.  15c)  does  not  exhibit  this  peak. 
Apparently,  the  slightly  larger  notch  width  in  the 
Ml 2-7  configuration  was  sufficient  to  suppress  a 
resonant  peak.  On  the  other  hand,  the  spectral 
content  for  the  M12-7  is  considerably  flatter  than 
for  the  M12-7a  at  the  K-19  location.  Results  for  the 
M12-7a  configuration  at  the  K31  location  (Cp  wall  = 
0.028)  are  shown  in  Fig.  15d.  No  apparent  slot 
tone  is  evident  at  this  condition.  Figure  15-e  shows 


Slot  Cavity  Noise,  Ml  2-7  Design 


Figure  14.  Slot-baffle  channel  noise  for  baseline 
configuration. 


the  results  for  the  Ml 2-7  specimen  at  the  K19  loca¬ 
tion  with  the  baffle  100-percent  cut  off.  No  signifi¬ 
cant  noise  peak  is  evident.  However,  there  is  a 
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Figure  15.  Mach  0.85  noise  spectra  for  baseline 
slot-baffle  configuration. 
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strong  broadband  noise  centered  around  900  Hz. 
The  rms  noise  ievei  resulting  from  this  condition  is 
the  same  as  for  the  M12-7a,  fully  open,  specimen 
at  the  same  K1 9  location. 

Other  data  for  the  M12-7  and  M12-7a  speci¬ 
mens  are  not  shown  since  they  will  not  add  any¬ 
thing  to  the  general  observations  made  above.  The 
test  was  successful  in  that  a  starting  point  for  fur¬ 
ther  work  which  did  not  exhibit  slot  tones  over  the 
range  of  conditions  investigated  was  identified. 

Concluding  Remarks 

Although  with  the  NWTC  project  was  not  contin¬ 
ued  through  the  detailed  design  phase  to  comple¬ 
tion,  much  was  accomplished  in  many  areas, 
including  test  section  design  concepts.  An  excel¬ 
lent  starting  point  for  further  development  of  a  tran¬ 
sonic  wind  tunnel  test  section  concept  applicable 
either  to  a  retrofit  of  existing  test  sections  or  the 
development  of  an  entirely  new  test  section 
resulted  from  the  NWTC  project.  Obviously,  the 
NWTC  requirements  for  flow  quality,  including  wall 
interference,  which  were  judged  by  NASA,  DoD, 
and  Industry  representatives  as  bona-fide  cannot 
be  met  with  the  technology  currently  employed  in 
our  wind  tunnels.  A  focused  effort  to  bring  to  frui¬ 
tion  test  section  technology  concepts  or  their 
equivalent  which  ensued  from  the  NWTC  project  is 
warranted  on  the  basis  of  the  established  need. 

A  baseline  design  which  afforded  a  substantial 
amount  of  optical  viewing  area  and  a  variable  char¬ 
acteristic  porous-slotted  wall  concept  was  identi¬ 
fied  that  was  expected  to  have  very  good  flow  qual¬ 
ity  features,  and  improved  wall  interference  without 
producing  a  strong  acoustic  resonant  peak.  How¬ 
ever,  problems  remain  to  be  solved.  In  particular, 
slot-related  broadband  noise  problems  will  require 
continued  experimental  development.  Moreover, 
there  is  always  the  potential  for  some  resonance  to 
be  masked  by  the  broadband  noise  evident  and 
the  possibility  that  a  wider  range  of  test  conditions 
may  produce  a  resonant  peak. 

The  problem  of  having  a  ventilated  test  section 
wall  that  does  not  generate  a  high  noise  ievei  at 
some  critical  test  condition  is  far  from  solved.  How¬ 
ever,  the  results  from  the  initial  NWTC  develop¬ 
ment  effort  show  promise.  It  is  inescapable  that 


having  slots  results  in  jet  flow  interactions  which 
produce  noise.  Limitations  on  the  width  of  the  slot 
for  optical  viewing  and  the  need  to  accommodate 
large  models  imply  a  fairly  large  range  of  mass  flow 
through  the  slots.  This  leads  to  a  substantial  chal¬ 
lenge  in  holding  the  jet  noise  generated  to  a  mini¬ 
mum.  Sources  for  the  broadband  noise  can  be 
external  from  the  model,  jet  noise  interaction  due 
to  the  flow  out  of  the  slot  into  the  plenum  chamber, 
and  interaction  with  the  flow  entering  the  slot-baffle 
channels  and  interacting  with  the  notched  baffle 
segments.  Clearly,  further  work  is  needed  to 
improve  the  configuration  to  reduce  the  broadband 
noise  generated  by  the  slot  flow  while  simulta¬ 
neously  not  having  a  slot  noise  resonance  prob¬ 
lem. 

Structural  analysis  may  show  that  the  M12-7 
configuration  was  too  robust  and  that  by  reducing 
plate  thickness  a  more  open  passage  which  would 
reduce  jet  noise  associated  with  slot  flow  is  possi¬ 
ble.  A  cleaner  aerodynamic  configuration  may  be 
better.  Other  concepts  than  were  tested  may  pro¬ 
duce  better  results.  The  use  of  other  sound-absor¬ 
bent  materials  or  coatings  such  as  urethane  (sug¬ 
gested  by  Ron  Krueger)  may  be  acceptable  and 
preferable. 

Improvements  in  the  test  procedure,  scope  of 
data,  and  analysis  are  warranted.  Variables  to  test 
include: 

•  better  set  of  acoustic  instrumentation  and 
data  reduction  procedures  to  permit  identifica¬ 
tion  of  noise  sources; 

•  a  full  range  of  boundary-layer  thickness  for  a 
given  tunnel,  longer  test  specimens  to  provide 
a  complete  development  of  local  slot  flow; 

•  controlled  suction  and  blowing  through  a  slot 
segment  for  both  noise  and  crossflow  resis¬ 
tance; 

•  extension  of  the  scope  of  the  test  to  more  than 
one  slot  so  that  3D  boundary-layer  changes 
can  be  investigated  with  application  to  wall 
boundary  conditions; 

•  static  pressure  measurements  on  the  slats 
and  the  use  of  pressure-sensitive  paint  to 
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visualize  the  pressure  distribution  on  slats; 
and 

•  use  of  LV  measurements  or  traversing  flow- 
angle  probes  to  determine  local  flow  condi¬ 
tions  at  the  edge  of  the  boundary  layer  so  that 
improved  wall  boundary  conditions  with  an 
analytic  extension  can  be  developed  and  vali¬ 
dated. 
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